Actomyosin networks linked to the micro-environment through the plasma membrane are thought to be key players in regulating cell behaviors within multicellular tissues, such as converging and extending mesoderm. Here, we observe the dynamics of actin contractions called 'punctuated actin contractions' in the mid-cell body of embryonic mesenchymal cells in the mesoderm. These contraction dynamics are a common feature of Xenopus embryonic tissues and are important for cell shape changes during morphogenesis. Quantitative morphological analysis of these F-actin dynamics indicates that frequent and aligned movements of multiple actin contractions accompany mesoderm cells as they intercalate and elongate. Using inhibitors combined with fluorescence recovery after photobleaching (FRAP) analysis, we find that the dynamics of actin contractions are regulated by both myosin contractility and F-actin polymerization. Furthermore, we find that the non-canonical Wnt-signaling pathway permissively regulates levels of punctuated actin contractions. Overexpression of Xfz7 (Fzd7) can induce early maturation of actin contractions in mesoderm and produce mesoderm-like actin contractions in ectoderm cells. By contrast, expression of the dominant-negative Xenopus disheveled construct Xdd1 blocks the progression of actin contractions into their late mesoderm dynamics but has no effect in ectoderm. Our study reveals punctuated actin contractions within converging and extending mesoderm and uncovers a permissive role for non-canonical Wnt-signaling, myosin contractility and F-actin polymerization in regulating these dynamics.
Introduction
The actin cytoskeleton is essential for the mechanical processes driving morphogenesis and tissue remodeling. Dynamic filamentous actin (F-actin) regulates a range of cellular processes, including cell protrusive activity, cell shape change, extracellular matrix (ECM) assembly and tissue stiffness (Lauffenburger and Horwitz, 1996; Wozniak and Chen, 2009; Zhou et al., 2009; Zhou et al., 2010) . F-actin polymerization at the leading edge of motile cells serves to extend lamellipodia and filopodia. Rapid Factin reorganization by polymerization, bundling and branching is controlled by various actin-binding proteins, including myosin II motors, and serves to maintain the mechanical integrity of the cell cortex, to direct cell protrusions and to regulate many events within the cell, such as cytokinesis (Effler et al., 2007; Reichl et al., 2008) , apoptosis (Charras, 2008; Rosenblatt et al., 2001; Slattum et al., 2009 ) and membrane trafficking (Lanzetti, 2007; Liu et al., 2006) . Thus, the F-actin cortex within the pericellular regions of the cell might be as important to mechanical processes in cells and tissues as the F-actin involved in cellular protrusions at the leading edge. In epithelial morphogenesis, numerous recent studies have addressed the role of actomyosin dynamics in the apical cortex and adherens junctions; however, the role of actomyosin in shaping mesenchymal tissues, such as mesoderm during convergent extension, remains unclear. Thus, two of the principle functions of actomyosin in cells and multicellular tissues are to physically connect cells with their environment and to drive coordinated cell movements, but how actomyosin accomplishes these functions in vivo during morphogenesis is poorly understood.
Actomyosin is a key target of many gene regulatory networks and signaling cascades that direct morphogenesis. Previous work on Xenopus embryonic tissue explants has revealed that F-actin and myosin contractility play crucial roles in cell rearrangement (Skoglund et al., 2008) , ECM assembly (Davidson et al., 2008) and tissue stiffness Zhou et al., 2010) during convergent extension. Additionally, dynamic F-actin processes are regulated by polarity factors, such as the non-canonical Wnt or planar cell polarity pathways (Capelluto et al., 2002; Dzamba et al., 2009; Hyodo-Miura et al., 2006; Khadka et al., 2009; Liu et al., 2008; Mlodzik, 2006; Sato et al., 2006; Tanegashima et al., 2008; Tao et al., 1996) . Failure or misregulation of the cytoskeleton as cells polarize, assemble matrix, maintain stiffness or generate tractions are likely to underlie the developmental defects responsible for a range of congenital birth defects. Yet, the dynamics of this regulation, where actomyosin contractility occurs and how a 'proper balance' of myosin II contractility and F-actin assembly are established and maintained during morphogenesis are unknown.
To understand the nature of this regulation, we first characterize the dynamics of F-actin networks within the mid-cell cortex in a range of cells in the early Xenopus embryo. We then address the questions of what is the 'normal' range of dynamics in cortical Factin networks and how F-actin polymerization, F-actin bundling and myosin II contractility are responsible for the topological changes seen in the cortical network. We find that dynamic F-actin within the cell cortex undergoes stochastic assembly and disassembly over the course of actin contractions. We adopt the term 'punctuated actin contractions' to describe these contractions as they appear analogous to transient actin or myosin assemblies seen during development in invertebrate embryos (Blanchard et al., 2010; Martin et al., 2009; Munro et al., 2004; Velarde et al., 2007) . We find that the incidences of contractions are developmentally regulated within the embryo and that the frequency and orientation of punctuated F-actin contractions are modulated by the non-canonical Wnt-signaling pathway during mesoderm cell intercalation.
Results

Transient depolymerization of F-actin in whole embryos results in chronic defects that are similar to defects seen after perturbing the non-canonical Wnt-signaling pathway
Chronic long-term treatment of embryos with F-actindepolymerizing drugs, such as cytochalasin D or latrunculin B (LatB), is lethal and results in the dissociation of the embryo (Kwan and Kirschner, 2005) . Therefore, to begin to understand the role of F-actin in morphogenesis, we investigated the effect of transient inhibition of actin polymerization. We treated batches of embryos with 0.6 M LatB (Spector et al., 1989) , a potent inhibitor of actin polymerization, for a 20-minute period in early gastrulation, rinsed three times in fresh culture medium and then allowed the LatB-pulse-treated embryos to develop. We have previously shown that a brief LatB treatment dramatically diminished the levels of F-actin in whole embryos ; see figure 6A within). Embryos transiently incubated in LatB developed short axes and sway-back phenotypes (Fig. 1A) , similar to those of embryos defective in non-canonical Wnt-signaling. The severity of the convergent extension defects was dependent on the concentration of LatB (Fig. 1B) and the length of treatment (data not shown). Interestingly, we found no indication of a sensitive temporal 'window' for the treatment but, in fact, found similar phenotypes when embryos were pulsed for 20 minutes at any time during early-to mid-gastrulation (from stage 10 to stage 12; data not shown).
The observed developmental defects did not appear to be due to long-term effects on the F-actin cytoskeleton, as F-actin returned to normal levels within 1 to 2 hours (data not shown), but appeared to arise from rearrangements of paraxial mesoderm cells into multilayered masses, whereas normal paraxial mesoderm formed two distinct sheets (Fig. 1C,D) . Such multi-layering of mesodermal tissues is a common defect within embryos defective in the noncanonical Wnt-signaling pathway (supplementary material Fig. S1 ) (Goto et al., 2005; Wallingford and Harland, 2002; Winklbauer et al., 2001 ).
The cortical actin cytoskeleton in whole embryos and in explants
In order to understand how the dynamics of F-actin might be responsible for developmental defects in convergent extension we used the actin-binding domain of moesin tagged with GFP (moe-GFP) (Litman et al., 2000) as a reporter for the localization of Factin in live cells. Using this fluorescent protein reporter we observed remarkable complex F-actin dynamics in a variety of cells within marginal zone explants microsurgically isolated from the embryo and cultured on fibronectin; qualitatively similar dynamics were observed at the basal surface of the animal cap ectoderm, mesoderm and mesendoderm cells (supplementary material Movie 2).
To verify that moe-GFP reliably reports F-actin within Xenopus embryonic cells, we followed two strategies. First, we compared the patterns of F-actin reported by moe-GFP with that reported by phallacidin staining for F-actin in both whole embryos and marginal zone explants ( Fig. 2A-BЈ) . Transverse-sectioned whole embryos at mid-gastrulation stage and explants cultured on fibronectin substrate were fixed and stained with BODIPY-FL-phallacidin for static F-actin visualization. Reconstructed xz projections from BODIPY-FL-phallacidin-labeled explants showed F-actin-rich protrusions extend over neighboring cells (Fig. 2C ) and concentrated F-actin 'spots' on the lateral surface of cells (Fig.  2CЉ, see arrowheads) . F-actin in the cortex underlied the plasma membrane of cells in both developing embryos ( Fig. 2A) and isolated tissues. In order to verify that the dynamics of moe-GFP reflected F-actin dynamics, we expressed mRNA encoding a monomeric RFP-tagged version of a different actin-binding domain, isolated from utrophin (Burkel et al., 2007) . F-actin dynamics visualized with mRFP-utrophin were similar to those observed with moe-GFP (Fig. 2D ) and in mesendoderm fixed and labeled with BODIPY-FL-phallacidin (Fig. 2DЈ ). Thus, with these series of controls, we confirmed that moe-GFP faithfully recapitulates the localization and structure of endogenous F-actin within explants and whole embryos.
Live cortical F-actin undergoes punctuated contractions
Using moe-GFP, we undertook a more rigorous analysis of livecell F-actin dynamics. Migratory mesendoderm cells typically have a single wide lamellipodium (Davidson et al., 2002; Winklbauer et al., 1996) . In our moe-GFP preparations, retrograde flow of Factin in mesendoderm lamellipodia was clearly visible but so too (A)Xenopus laevis embryos were transiently treated for 20 minutes during gastrulation with low (0.6M) or high (1.2M) concentrations of LatB. LatB was washed out and whole embryos were cultured until they reached the tadpole stages. Embryos exposed to a pulse of LatB during midgastrulation developed with a short and bent axis in a dose-dependent manner. (B)Blastopore closure defects increase with the concentration of LatB. (C)Transverse-sectioned dorsal tissue of control embryos show ordered positioning of nuclei within two cell layers in mesoderm (arrowheads). (D)Three hours after the LatB pulse and wash, dorsal tissue has randomly positioned rounded cells in multiple layers that thicken both the ectoderm and mesoderm. Cell shapes are visualized by rhodamine-dextran injection at the single-cell stage. SO, somite; NT, notochord.
were entangled F-actin filaments throughout the cell cortex ( Fig.  3H ; supplementary material Movie 2). Ectoderm cells also bound fibronectin and sent out protrusions but did not move as rapidly. It is known that mesodermal cells within the embryo, before gastrulation, have few protrusions; at the start of gastrulation they increase their affinity for fibronectin and increase protrusive activity, intercalate between one another and elongate in the mediolateral direction as gastrulation concludes and axis elongation begins Shih and Keller, 1992a; Shih and Keller, 1992b) . By the late gastrula stage we observed that the mesodermal cells had elongated along the mediolateral axis [length-to-width ratios (LTW) greater than four were common] and had extended lamellipodia in both medial and lateral directions (data not shown) (Shih and Keller, 1992a) . Actin dynamics within Xenopus embryonic lamellipodia appeared similar to the actin dynamics in typical motile cells observed in culture (data not shown). In contrast with the stereotypical actin dynamics within lamellipodia, the actin dynamics within the mid-cell cortex were very different and they exhibited unique dynamics within the ectoderm, mesendoderm and mesoderm cell populations (supplementary material Movie 2).
Our observations of complex F-actin dynamics led us to ask a series of questions. First, as the embryonic tissues were cultured on fibronectin substrates, which can limit large-scale cell movements, we wondered whether cortical actin contractions occurred in cells cultured on non-adhesive substrates and whether individual F-actin contractions could alter cell shape. To limit the effect of substrate adhesion on any cortical actin contractions, we used non-adhesive substrates such as agarose-or BSA-coated coverslips (Fig. 3B,C) . When cultured on a non-adhesive substrate, cells within a microsurgically isolated tissue (Fig. 3B ,BЈ) and cells within a 'windowed' whole embryo (Fig. 3C,CЈ) showed similar F-actin dynamics to cells cultured on a fibronectin substrate (Fig.  3G,H) . The substrate-free environment enabled cells to deform their neighbors more easily and we found cortical actin contractions correlated with changes of cell shape ( Fig. 3D,E ; supplementary material Movie 1); as moe-GFP intensity increased, the cell area decreased. The relationship between contraction of the actin cortex and change in cell shape was significantly correlated (the crosscorrelation coefficient was -0.89 in the marked cell in Fig. 3C , and the mean value was -0.76 from 12 cells analyzed from three timelapse movies). Similar observations of actin or myosin regulatory light chain dynamics and their effect on cell shape have been reported during epithelial morphogenetic movements in Drosophila (Blanchard et al., 2010; Martin et al., 2009 ) but have not been observed previously during vertebrate morphogenetic movements. We conclude that punctuated actin contractions generate sufficient force to deform cells in the embryo, but have a more limited effect when cells are more firmly bound to fibronectin-coated substrates.
We next wondered whether cell-cell contact in embryonic tissues induced actin contractions. To investigate this question, we dissociated mesoderm cells from marginal zone explants (Fig. 3F ) in Ca 2+ -and Mg 2+ -free Danilchik's For Amy (DFA) medium, moved the cells back into DFA and cultured them on a fibronectin substrate. In this way we obtained two-and three-cell clusters, as well as single cells, on fibronectin (Fig. 3G ). Although the cell clusters had F-actin arrays denser than those in single cells, we could easily observe F-actin contractions within both populations. Use of substrate-free culture and observation of F-actin contractions within dissociated cells confirmed the importance of punctuated Factin contractions in guiding cell shape change. For the remainder of the study, we used explants cultured on fibronectin as cell behaviors are well-characterized in these explants and the actin cortex is optimally positioned for confocal imaging.
We then returned to our examination of actin contractions within ectoderm, early mesoderm and late gastrula stage mesoderm found in marginal zone explants. Early gastrula stage mesoderm cells showed complex assemblies of entangled F-actin within mid-cell regions, as well as in lamellipodia, as cells began to intercalate between each other ( Fig. 3H ; supplementary material Movie 2). At later gastrula stages, we observed alignment of cortical F-actin to the mediolateral axis ( Fig. 3H ; supplementary material Movie 2), as has been previously reported (Skoglund et al., 2008) . For comparison, we also observed actin dynamics within the mid-body cortex of ectoderm cells; these cells had a relatively sparse F-actin network and showed few F-actin contractions ( Fig. 3H ; supplementary material Movie 2). In fact, cortical actin contractions could be found throughout the embryo, for example in ventral mesoderm cells from isolated explants and animal cap cells, as early as the mid-blastula transition (stage 8; supplementary material Fig. S2 ). However, distinct changes in F-actin dynamics paralleled changes in cell behaviors from cell-type to cell-type and from stage to stage.
In contrast with the changing cell-scale pattern of contractions, the kinetics of single F-actin contractions appeared similar in a variety of cells and stages. We refer to this single cycle as a 'punctuated F-actin contraction' (see a representative punctuated F-actin contraction in Fig. 3I ; supplementary material Movie 3). During a punctuated F-actin contraction, the sparse background of F-actin increased in density as F-actin gathered towards a focal point then dispersed over several minutes (Fig. 3IЈ ). Close inspection of other time-lapse sequences using selected regions of cortical F-actin [circular regions of interest (ROIs) in Fig. 3H ] revealed similar patterns of F-actin dynamics in mesendoderm, ectoderm and mesoderm (Fig. 3J ). The intensity of F-actin over a single episode of contraction in different cells exhibited similar patterns of accumulation and dissipation, lasting from 60 to 120 seconds. Thus, using validated live reporters of F-actin dynamics we showed punctuated F-actin contractions within the cell cortex and that contractions are a common feature shared by a variety of different cell types in Xenopus laevis embryos.
Punctuated F-actin contractions increase in frequency and align within elongated cells
Although the observed single punctuated F-actin contraction was similar among cell types within the marginal zone, we suspected that mesoderm cell elongation was driven by accumulated patterns of multiple contractions that together push or pull the cell body, as well as neighboring cells. Our initial attempts to analyze the punctuated F-actin contractions with intensity profiles or kymographs of cortical F-actin contractions at fixed positions allowed us to characterize the formation of F-actin contractions ( Fig. 3I-J) ; however, these qualitative methods could not adequately describe the physical dynamics of the punctuated F-actin
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Journal of Cell Science 124 (4) contractions or suggest how these structures might be controlled or localized. To get a better understanding of the complex dynamics of the F-actin contractions, we assessed contraction movements, and their frequency and localization, by quantitative image analysis. To investigate the temporal and spatial dynamics of punctuated F-actin contractions that form moving structures akin to unitary sites of focal adhesions, we adapted image-processing tools appropriate to tracking discrete objects in cells (Fig. 4A) . In order to detect fluctuations of F-actin intensity over time within the midcell cortex and to track dynamics of individual punctuated F-actin contraction events, we first manually selected a large region within each cell from a single frame in a 10-minute confocal time-lapse sequence. The selected ROI contained the cell mid-body and excluded lamellipodia and cell-cell contacts (ROI-Cell). The ROICell was then subdivided into small hexagonal units; each ROIhexagon was 2.4 m in diameter and contained ~270 pixels. The hexagonal shape was chosen to register the presence of multiple actin filaments or bundles and track these cytoskeletal elements as a contiguous structure once an F-actin network contracts. To classify the status of F-actin within the hexagon, we compared the F-actin intensity within the hexagon with the mean intensity within the ROI-Cell. In the first round of analysis, hexagons were classified as 'contraction-active' if the F-actin signal intensity within the ROI-hexagon was greater than 150% that of the mean intensity of the ROI-Cell (Fig. 4B) . At this stage in the analysis, each contraction-active hexagon represented a small patch of contracted F-actin cortex within a single image.
Given that F-actin contractions could extend over large areas of the cell, persist for several minutes and change shape, we extended the classification scheme to connect multiple contraction-active hexagons within a time-lapse sequence. First, we developed a decision flow-chart to assign ROI-hexagons into multi-hexagon patches within the same frame. Next, we extended the flow-chart logic to bridge small temporal gaps in the history of a single hexagon over the course of a single punctuated F-actin contraction. In brief, in order for an ROI-hexagon to be included in a punctuated F-actin contraction, a contraction must be: (1) seen in three contiguous hexagons; (2) persist for at least 30 seconds; and (3), to be counted as the same event, multi-hexagon contractions must overlap from frame to frame. Given the stringent contraction threshold of 150%, we merged single transiently non-contractile hexagons into punctuated contractions if they were completely (dЈ-fЈ) Circular histograms represent the angular distribution of the punctuate F-actin contractions with respect to the cell major axis. (see G for the method: the major cell axis is set to 0, the angle between the F-actin contraction and the major cell axis is ). The heat-map colors in (D) and (H) indicate an arbitrary frequency scale from high frequency or high persistence 'light' to low frequency or low persistence 'dark' (see supplementary material Tables S1 and S2 for a summary of the quantified punctuated F-actin contractions).
bounded by contractile hexagons. This segmentation process allowed us to identify and track high-density regions of F-actin cortex ( Fig. 4E-EЉ) from the formation of a contraction to its disappearance, providing information on how punctuated F-actin contractions moved as they formed, spread and contracted.
In addition to tracking formation and movements of single contractions, our analysis measured the frequency of punctuated contractions within the mid-cell cortex and identified subcellular domains where multiple contractions occurred. Contractility within a cell was reported as a contractile area (Fig. 4C) or was displayed in an F-actin contraction frequency map (Fig. 4D) . Contractile area was defined as the total area covered by punctuated contractions over the course of the time-lapse. In contrast with the morphological identification of multi-hexagon contraction events, the frequency map reported the chances of finding contractile F-actin within each hexagon. To highlight the relative levels of F-actin contractions within a cell cortex, the F-actin frequency map calculated the average 'contractility' for each ROI-hexagon in the ROI-Cell and tracked the chance of contraction within any particular hexagon. The orientations of punctuated F-actin contraction movements were measured with respect to the major cell axis (Fig. 4G) and were plotted in a circular histogram (see Fig. 4HdЈ , eЈ and fЈ; see also supplementary material Fig. S3 ). This image analysis procedure allowed us to quantify the lifetimes, frequencies and movements of punctuated F-actin contraction and to compare and contrast these features of F-actin dynamics across a variety of cell types, developmental stages and treatments.
As mesoderm cell shapes progress from isodiametric to mediolaterally elongate over the course of convergent extension, we wondered whether cortical F-actin dynamics are also varying in different cell types and developmental stages. To examine correlations between punctuated F-actin contractions and distinct cell behaviors, we first compared the pattern of punctuated F-actin contractions using frequency maps constructed from 10-minute confocal time-lapse sequences of moe-GFP collected from different regions within marginal zone explants (Fig. 4Ha-c , from ectoderm, early mesoderm, and late mesoderm cells, respectively; supplementary material Table S1 ).
We found very different frequency maps among the cell populations. Small patches of intermediate-intensity hexagons along the edge of ectoderm cells showed that these regions contained fewer F-actin contractions (Fig. 4Ha) in contrast with those found in early mesoderm cells, which included a large number of F-actin contractions (Fig. 4Hb) . The frequency of contractions in late mesoderm cells displayed an equally distinctive pattern; highly persistent F-actin contractions formed running parallel to the major cell axis (Fig. 4Hc) . Given that both punctuated contractions and lamellipodial protrusions aligned to the cell, we hypothesized that punctuated F-actin contractions might play a role in elongating mesoderm cells.
To investigate the role of punctuated contractions in shaping cells, and whether the movements of individual F-actin contractions could account for patterns in the frequency map, we tracked contraction positions as they formed, moved and disappeared. Trajectories of the movement of the centers of punctuated contractions from one representative cell in each population showed that contractions could move either randomly or in distinct patterns (Fig. 4Hd, e and f) . The infrequent contractions within ectoderm cells moved in random directions and did not move far from their initial site of formation (11.42±7.38 m per contraction; 17 cells). By contrast, the punctuated F-actin contractions moved larger distances in both early (18.50±21.03 m per contraction; 17 cells) and late mesoderm (18.49±25.62 m per contraction; 14 cells).
The movements of punctuated F-actin contractions in mesoderm cells changed during gastrulation. In late gastrula mesoderm cells, individual punctuated F-actin contractions appeared to move back and forth, oscillating along the same path, whereas in early mesoderm and ectoderm cells they moved randomly (Fig. 4Hd,e  and f) . Given that mesoderm cells elongate from early-to lategastrula stages, we suspected that the orientation of punctuated Factin contraction movements was related to the elongation of the cell. To test our hypothesis, we measured the LTW ratio and the angle () of F-actin contraction movements with respect to the major axis of the cell. Even though some early mesoderm cells elongate to a LTW greater than 2, we found movements of punctuated F-actin contractions aligned with the major cell axis only in late mesoderm cells (Fig. 4HdЈ ,eЈ and fЈ; supplementary material Fig. S3 ). By contrast, punctuated F-actin contractions did not move parallel to the major cell axis in either ectoderm or early mesoderm cells. These results indicate that individual punctuated F-actin contractions move along the major cell axis only within late gastrula mesoderm cells; furthermore, contraction movements need not be aligned with the major axis of the cell.
Regulation of cortical F-actin contractions
To test the separate roles of actin polymerization and myosin contractility in the formation of punctuated F-actin contractions, we used small-molecule inhibitors and protein overexpression to alter F-actin dynamics in early mesoderm cells, before the cells had adopted a strong mediolateral bias to their shape and behavior.
To depolymerize or stabilize F-actin, we treated marginal zone explants with 0.6 M LatB or 5 M jasplakinolide (Jas), respectively, or we overexpressed the Lim kinase mutant LimK T508EE (LimK CA ), which has been reported previously to phosphorylate cofilin and increase the assembly of F-actin (Edwards and Gill, 1999; Mseka et al., 2007) . To increase or inhibit myosin-II-induced F-actin contractions, 50 nM calyculin A (CalA), a myosin light chain phosphatase inhibitor, or 50 M Y27632 (a Rho-kinase inhibitor), respectively, were used. Each inhibitor treatment dramatically changed the F-actin network within 60 to 90 minutes. Mesoderm cells treated with CalA exhibited dense Factin arrays that moved back-and-forth around the cell periphery, as well as across the cell cortex. These rapid movements occured in the absence of normal sheet-like lamellipodial protrusions ( Fig.  5A ; supplementary material Movie 4). By contrast, treatment with Y27632 did not affect lamellipodial protrusions but resulted in fewer punctuated F-actin contractions ( Fig. 5A ; supplementary material Movie 4). Incubation with Jas caused rapid aggregation of F-actin into a few large focal points within cells. Surprisingly, treatment with Jas and LatB both result in the formation of F-actin aggregates that appeared stabilized at specific sites within the cell. The constitutively active LimK induced large star-like F-actin structures within dense F-actin networks. Given that single images of F-actin distribution reveal only gross morphology, we processed short-duration time-lapse sequences into maximum-intensity projections to highlight regions where repeated F-actin contractions appeared as dense persistent networks (see T-projections in In addition to assessing the morphological changes of actin filaments induced by inhibitors, we monitored the biochemical consequences of these treatments on actin filaments using fluorescence recovery after photobleaching (FRAP) (Amato and Taylor, 1986; Axelrod et al., 1976) . Fluorescence recovery of moe-GFP was monitored after photobleaching a 7-m-by-7-m region of F-actin cortex within mesoderm cells treated with Jas, Y27632 or CalA, as well as in cells expressing LimK CA (see the Materials and Methods section). FRAP analysis reports the amount of fluorescence that does not recover after bleaching as the 'immobile fraction' and the time-scale needed to re-establish the labile fluorescence fraction as the 'recovery time'. Cells incubated with Jas showed a substantially increased immobile fraction, as well as increased recovery times (Fig. 5B,C) , indicating that Jas stabilized F-actin (Fig. 5D) . Similarly, cells expressing LimK CA had stabilized F-actin, with a substantially increased immobile fraction (Fig. 5B) . Our FRAP data suggest that F-actin aggregates in Jas-treated and LimK CA -expressing cells are the result of either enhanced actin polymerization or suppressed actin depolymerization. LimK CA did not disrupt the F-actin morphology as severely as Jas, but our FRAP analysis indicates that it has similar effects to Jas on the stability of Factin. This difference might be in part due to the unique targeting of LimK and cofilin in embryonic cells, whereas Jas might exert global effects on all manner of actin-dependent processes within cells. By contrast, the stability of F-actin in cells treated with inhibitors that modulate myosin activity (Y27632 or CalA) was not altered from that in controls (Fig. 5B,C and E) , even though these inhibitors produced noticeable changes in the morphology of F-actin (Fig. 5A) .
It is worth noting that there was considerable variation in the FRAP results within control cells. We wondered whether this variation could be due to heterogeneities in the network morphology, for instance owing to differences between contractile and noncontractile regions. To test this, we compared FRAP results between these regions and found that increases in the immobile fraction within control samples were significantly correlated with the relative initial intensity of the moe-GFP of the photobleached region (Fig. 5F; Pearson correlation0.426; P<0.000). This suggests that the punctuated contractions contained a more stable cortex than noncontracting regions. Alternatively, a contractile cortex could be affecting the calculation of recovery dynamics through movement of unbleached F-actin into, or polymerizing more F-actin within, a forming contraction. We also found that F-actin contractions induced by CalA (Fig. 5B) exhibited a large variance in the immobile fraction. However, regions undergoing punctuated actin contractions did not show altered recovery times (Fig. 5G) . Owing to the technical limits of confocal scanning and the short lifetime of F-actin contractions, we were not able to resolve differences between the assembly and disassembly phases of punctuated contractions. Thus, evidence from the inhibitor and FRAP studies revealed that punctuated F-actin contractions are the product of coordinated actin polymerization and myosin II activity and that these processes underlie the developmental regulation of the frequency, duration and movement of contractions within cells.
Non-canonical Wnt-signaling regulates punctuated F-actin contractions
Given that punctuated F-actin contractions regulate cell shape change, and that actomyosin regulation is a direct target of the non-canonical Wnt-signaling during convergent extension in the frog, we were interested in the role of Wnt signaling in modulating these contractions. To investigate the role of non-canonical Wntsignaling on actin contractions we chose to alter signals from either the frizzled (Fzd) receptor or the disheveled (Dsh) cytoplasmic protein. Given that Xfz7 (Fzd7) is only expressed within involuting mesoderm cells during gastrulation and that it is thought to mediate mediolateral cell intercalation behaviors (Djiane et al., 2000) , we hypothesized that we could activate punctuated actin contractions by expressing Xfz7 in animal cap ectoderm cells. By the same logic, expression of Xdd1, a mutant form of Xenopus Dsh that inhibits convergent extension, would reduce the number of contractions within mesoderm cells.
To track F-actin dynamics in live cells, we coinjected mRNA encoding moe-GFP and either Xdd1 or Xfz7 and collected confocal time-lapse images from moe-GFP-expressing cells within marginal zone explants during gastrulation. We expressed these mRNAs at levels that consistently produced moderate wholeembryo phenotypes comprising the shortened anterior-posterior axes and defects in neural tube closure shown in previous studies (Djiane et al., 2000; Wallingford et al., 2000) . Overexpression of Xfz7 increased the frequency of punctuated F-actin contractions by increasing the stability of the F-actin network. Animal cap ectoderm cells expressing Xfz7 developed dense arrays of contracting actin networks in the mid-cell cortex compared with those in control cells ( Fig. 6B ; supplementary material Movie 6). In fact, the rate of punctuated F-actin contractions was increased 4.6-fold in Xfz7-expressing ectoderm cells, which also had similar rates of contractions to those in control mesoderm cells (Fig. 6G) . Overexpression of Xfz7 in mesoderm cells induced persistent contractions with a longer lifetime than those in control cells ( Fig.  6H ; supplementary material Table S2 ), and the cells that were less elongated (LTW 1.51±0.22; 12 cells from four explants) than control cells (LTW 2.11±0.84; 12 cells from four explants) ( Fig.  6A ; supplementary material Movie 5). FRAP analysis of F-actin within Xfz7-expressing mesoderm cells indicated that Xfz7-induced actin networks comprised arrays of F-actin that were more persistent (Fig. 6D,E ) and similar to those observed after CalA treatment (Fig. 5B,C) . Thus, expressing exogenous Xfz7 receptors in animal cap ectoderm increases the frequency of actin contractions to the levels seen in mesoderm, whereas increasing expression of Xfz7 receptors in mesoderm cells that already express Xfz7 induces more persistent contractions that comprise more stable F-actin.
To test whether downregulation of the non-canonical Wntsignaling pathway could reduce punctuated contractions, we expressed Xdd1 in mesoderm cells. Overexpression of Xdd1 in mesoderm cells can inhibit cell elongation, so that, by late gastrulation, Xdd1-expressing mesoderm cells retained a rounded shape (LTW 1.44±0.24; 15 cells from five explants) compared with the shape of control mesoderm cells (LTW 4.13±1.72; 12 cells from seven explants) (Fig. 6G) . Overexpression of Xdd1 blocked the changes in the frequency and oriented movement of the punctuated F-actin contractions typically seen in the dorsal mesoderm. Mesoderm cells expressing Xdd1 retained similar levels of F-actin to control cells, both in mid-cell cortex and lamellipodia, but the frequency of punctuated F-actin contractions was reduced to less than half the frequency of the punctuated Factin contractions found in control cells ( Fig. 6C,G ; supplementary material Movie 5). Furthermore, F-actin contractions in Xdd1-expressing cells moved in random directions, whereas the more frequent punctuated F-actin contractions in control cells moved parallel to the cell axis of elongated mesoderm cells (Fig. 6C) . To rule out the possibility that overexpression of Xdd1 globally alters actin dynamics, we expressed moe-GFP and Xdd1 in animal cap ectoderm. Xdd1 had no effect on ectoderm cell shape (Fig. 6F) . Punctuated F-actin contractions normally found in animal cap ectoderm cells showed no distinct patterns in movement. When applying the same image-analysis tools that we used for the mesoderm, we found no differences between either contractile area, rate of contraction or direction of movement when we compared F-actin dynamics within control ectoderm cells with Xdd1-expressing ectoderm cells (Fig. 6B and F-H; supplementary material Table S2 ).
Discussion
Cells in developing Xenopus embryos contain a complex and dynamic F-actin-rich cortex. To describe this network during morphogenesis, we used moe-GFP to label tissues for live-cell confocal imaging. We found rapidly moving F-actin features, referred to here as punctuated F-actin contractions, within the cell cortex, and then compared contraction dynamics in different cell types. Static and less-frequent punctuated F-actin contractions were present in ectoderm cells, whereas contractions were more frequent in mesoderm cells and moved over larger distances than contractions in ectoderm. Furthermore, contractions in early mesoderm and ectoderm were randomly oriented but switched to move parallel to the longest axis of the cell at later gastrula stages.
We also investigated how the dynamics of punctuated F-actin contractions were regulated by the non-canonical Wnt-signaling pathway. Expressing Xfz7 receptors alone in animal cap ectoderm increased the frequency of punctuated contractions and the stability of the resulting F-actin network to the levels seen in the early mesoderm. Overexpression of Xfz7 in mesoderm also enhanced the rate of contractions and their lifetime. In effect, Xfz7 overexpression made the F-actin network mesoderm-like in ectoderm cells and matured the nascent F-actin in early mesoderm into the dense networks of late mesoderm. By contrast, expressing the dominant-negative disheveled protein Xdd1 in mesoderm cells reduced the numbers of punctuated actin contractions and blocked their alignment. This latter effect could be due to the abrogation of planar cell polarity cues or alternatively could have abrogated reception of other planar cues that have not yet been identified. Several other sources of planar cues, independent of non-canonical Wnt-signaling pathways, have been implicated in germband elongation (Zallen and Wieschaus, 2004) and elongation of the forming oocyte in Drosophila (Frydman and Spradling, 2001; Viktorinova et al., 2009 ) and might underlie elongation of Xenopus multicellular aggregates (Green et al., 2004; Ninomiya et al., 2004; Ninomiya and Winklbauer, 2008) . Thus, non-canonical Wnt-signaling modulates both the formation and movement of F-actin contractions within the cortex of mesoderm cells.
Our description of punctuated actin contractions and observations of both F-actin morphology and changes in the dynamics following inhibition of actin polymerization or myosin II contractility suggest a complex model for punctuated contractions. In the first few seconds of a contraction, we observed F-actin moving towards the future center of the contraction, suggesting that myosin light chain activity is modulated within a small region of the sparse F-actin cortex. However, this slight movement of F-actin towards the focus does not appear to be sufficient to account for the rapid increase in F-actin as the contraction reaches its peak. To account for this increase and the results of our FRAP experiments, we propose a rapid increase in both polymerization and depolymerization of Factin. The net effect of this 'churning' is to increase the abundance of F-actin within a contraction, but it does not change its lifetime. As the contraction dissipates, the rates of depolymerization must offset those of polymerization. The previous observation that Factin is nearly absent after myosin-II-knockdown (Skoglund et al., 2008) is surprising, but this might reflect feedback mechanisms that adjust mechanical resistance to match the available generation of force . The principle role of non-canonical Wnt-signaling is to control the frequency of contractions; however, Xfz7 can also subtly alter the dynamics of single contractions. This Tables S2 and S3 ). The heat-map colors in (A) and (C) indicate an arbitrary frequency scale from high frequency or high persistence 'light' to low frequency or low persistence 'dark'. model suggests that myosin activation might regulate F-actin polymerization in a manner similar to that described during singlecell wounding (Benink and Bement, 2005) .
How might punctuated actin contractions drive convergent extension?
We can draw parallels between the role of actomyosin in regulating motility in single cells and its role in convergent extension. Actomyosin dynamics play essential roles in cell spreading (Senju and Miyata, 2009) , polarized cell migration (Yam et al., 2007) and the establishment and maintenance of adherens junctions (Liu et al., 2010; Smutny et al., 2010) . The events of single episodes of punctuated F-actin contractions are shared among many different cell types in Xenopus embryos; however, the frequency, localization and movements are not. For instance, contractions switch from having a randomly oriented movement to having a mediolaterally aligned movement as mesodermal cells elongate parallel to the mediolateral axis. We suggest several possibilities for how altered patterns of F-actin contraction might change cell shapes. First, aligned contractions might serve to reinforce the movement of a cell in the direction of contraction; mediolateral aligned contractions might allow mesodermal cells to better resist externally applied forces that would elongate the cell. Excessive mediolateral cell elongation could reduce the efficient conversion of mediolateral cell intercalation into convergent extension. An alternative function for contractions might be to enhance the rate of intercalation. Cycles of contraction aligned to the mediolateral axis could operate in a ratchet-like fashion, with cycles of cell adhesion driving mediolateral cell intercalation. None of these mechanisms are mutually exclusive, and oriented F-actin contractions could have several mechanical functions.
The punctuated F-actin contractions observed during morphogenesis in mesenchymal cells share many features with actin dynamics during epithelial morphogenesis. Many aspects of punctuated F-actin contractions are shared between the fly and frog, including: (1) the developmental control of contractions and coincidence of contractions with programmed cell-shape changes, (2) the restriction of high-frequency contractions to morphogenetically active cells, and (3) the duration of single contractions. However, contractions in Xenopus cells occur within the basolateral cortex of more loosely organized mesenchymal cells. Thus, our study supports the view that regulated F-actin contractions are a universal molecular mechanism for controlling embryonic cell shape, guiding programs of morphogenesis in both epithelial and mesenchymal tissues.
How might punctuated contractions regulate mediolateral cell intercalation and drive convergent extension? Early kinematic analyses of cell rearrangement during convergent extension in shaved-explants by Shih and Keller (Shih and Keller, 1992a; Shih and Keller, 1992b) indicate that the timescale of cell intercalation is very slow, so that each cell rearranges with neighbors only three to four times over the 6-hour course of gastrulation and axis elongation. The duty cycles of both protrusive activity and punctuated contractions are much shorter -on the scale of minutes. Thus, it is formally possible that each neighbor change is the net result of hundreds of actin contractions and hundreds of protrusions. Future work will need to overcome the experimental challenges and carry out more detailed cell mechanical analyses in order to resolve the physical mechanical contribution of punctuated contractions to cell elongation, cell intercalation and the events of convergent extension.
Developmental programs must regulate complex dynamics of actomyosin and the structures they form
Amphibian gastrulation movements require integrating forces from a variety of cellular sources, including tissue separation, radial intercalation, mesendoderm migration, mediolateral cell intercalation and ventral thickening, with the changing material properties and architecture of the embryo. Each tissue movement or cell behavior might require specially organized cortical actomyosin in each cell. How gene regulatory networks and patterns of growth factors achieve this task is largely unknown. We have shown here that balanced levels of myosin II contractility and a contiguous F-actin network are needed to support punctuated Factin contractions during convergent extension. A recent study, on the effects of knocking down myosin IIA and myosin IIB, has also demonstrated the need for balanced myosin activity during convergent extension (Skoglund et al., 2008) . In that study, a reduction in the level of myosin II also appeared to destabilize the F-actin cortex. In our studies, we observed graded changes in punctuated F-actin contractions from low to high myosin activities and from low to high F-actin polymerization rates. Future studies will be needed to dissect both the molecular and mechanical nature of punctuated contractions and to determine how physical and chemical cues in the embryo organize contractions within individual cells.
Materials and Methods
Embryo culture and explant preparation
Embryos were obtained by standard methods (Kay and Peng, 1991) and cultured to the desired stage (Nieuwkoop and Faber, 1967) . Fertilized embryos were cultured in 1/3ϫ modified Barth solution (MBS) (Sive et al., 2000) . Embryos were selected at early gastrula (stage 10) and transferred into Danilchik's For Amy (DFA) medium supplemented with antibiotic and antimycotic (Sigma). The vitelline membranes were manually removed with sharpened forceps, and 180° marginal zone explants were microsurgically excised using hair-tools (Green et al., 2004) . Marginal zone explants were mounted in a custom imaging chamber, prepared in advance with a fibronectin-coated glass substrate. Staging of explants was carried out by comparison with co-cultured whole embryos; references to early-, mid-, and late-gastrula refer to stage 10, 11 and 12, respectively.
Preparation of live-cell imaging probes
Capped mRNA encoding the actin-binding domain of moesin (moe-GFP), the actinbinding domain of utrophin (utrophin-GFP) or a membrane-targeted GFP (gap43-GFP) were transcribed (Epicentre; Madison WI) from linearized plasmids pCS107 and pCS2+. mRNA was purified using G50 chromatography and resuspended in RNase-free water at 0.1 g/l. Between 0.5 and 2.0 ng of mRNA (per embryo) was injected at multiple sites in one-to four-cell stage embryos. Embryos expressing the mRNA were then selected using a fluorescence-equipped stereoscope. Expression of tagged proteins had no effect on embryonic development through the tadpole stages (data not shown).
Histology and live imaging
To visualize F-actin morphology in fixed intact whole embryos or throughout the thickness of explants, we used the protocol described previously (Tao et al., 2005) . Briefly, embryos were devitellined and transferred into fixative (fresh 3.7% paraformaldehyde and 0.25% glutaraldehyde in PBS with 0.1% Triton X-100) for 1 hour; marginal zone explants were fixed for 10 minutes. The embryos or explants were washed in PBST (PBS with 0.1% Triton X-100) for 30 minutes and incubated with BODIPY-FL-phallacidin (25:10,000) in PBST for 3 hours. After incubation, samples were washed for 30 minutes in PBST, then the embryos were bisected and the samples dehydrated in 100% isopropanol. Samples were cleared with Murray's clear (2:1; benzyl benzoate to benzyl alcohol) (Kay and Peng, 1991) and mounted within custom chambers constructed from nylon washers (Small Parts, Miami Lakes, FL) glued onto 170-m-thick glass coverslips with fingernail polish (Sally Hanson, 'Hard as Nails').
To visualize cell shapes or cytoskeletal dynamics in live cells, fluorescent-proteinexpressing marginal zone explants were rinsed in fresh DFA, transferred into a custom acrylic chamber , positioned and gently compressed under a coverslip fragment held in place with silicone grease (High Vacuum, Dow Chemical). To observe F-actin morphology and polymerization dynamics, timelapse sequences of moe-GFP were collected using a confocal laser scanning microscope (SP5; Leica Microsystems) with a 63ϫ oil immersion objective. Timelapse sequences were assembled from single images collected at 10-second intervals.
The F-actin cortex is extremely thin and lies within 0.2 m of the plasma membrane; even minimal drift can shift the cortex from the focal-plane.
Image and statistical analysis
In order to quantify the F-actin dynamics and minimize experimenter bias we wrote custom macros using image-processing software [ImageJ 1.43, author Wayne Rasband (Abramoff et al., 2004) ]. Automated image analysis allows fine description of Factin dynamics within the sparse pericellular cortex. As with the algorithms for analysis of F-actin in lamellipodia (Danuser and Waterman-Storer, 2006) , our approach could detect small changes in actin dynamics, but was tailored to capture the unique structural features of cortical F-actin contractions. Briefly, a cell is segmented by small hexagonal units. The 'contractile' status of each hexagon was determined by the fluorescence intensity of the moe-GFP within each hexagon. To determine the duration and spatial extent of a contraction we linked contractile hexagons from one time-point to the next or to adjacent contractile hexagons in the same time-lapse frame. Groups of linked hexagons were categorized as a single Factin contraction and tracked. The movement and the changing morphology of Factin contractions were then measured using standard techniques.
Statistical analyses were performed with commercial software (SPSS statistics 17.0, SPSS, Chicago, IL). The correlation between two time-series of cell areas and moe-GFP intensities was tested by cross-correlation (Box and Jenkins, 1976) ; the Pearson correlation was used to test correlations between the immobile fraction and the cortical actin intensity (Blalock, 1972) . ANOVA and Student's t-tests were used to assess statistical differences between different drug treatments (Sokal and Rohlf, 1994) .
Fluorescent recovery after photobleaching
FRAP experiments were performed on a confocal laser scanning microscope (SP5; Leica Microsystems) with a 63ϫ oil immersion objective with a 2ϫ zoom. Photobleaching was performed on a 7-m-by-7-m region of cell cortex with the 488-nm argon laser operating at 100% laser power (pre-and post-bleaching images were collected with 20% laser power). Photobleaching was achieved using a confocal scanned pattern for ~5 seconds (10 iterations with 0.536 seconds per scan). Fluorescence recovery was monitored for 30 additional frames at the same frame rate. Fluorescent intensity profiles over time were normalized to pre-bleach levels for each cell and analyzed with commercial curve-fitting software (MATLAB R2009, The MathWorks, Natick, MA) to calculate the immobile fraction of fluorophores and their characteristic recovery time (Axelrod et al., 1976) . Although the F-actin morphology and density was changing, these changes were slow with respect to the timecourse of FRAP. Pre-bleaching, bleaching and fluorescence recovery requires 20 seconds, which is much shorter than the 120-second timecourse of most F-actin contractions. The timecourse of the FRAP experiment and the selection of a large bleach zone let us interpret FRAP results as if the actin network were static.
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Note added in proof
A recent report from Rauzi et al. (Rauzi et al., 2010 ) describes a contractile actin cortex similar to those observed in our study in Xenopus, and implicates a role for these contractions in driving germ-band elongation in Drosophila.
